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The change of surface adhesion after fluorination of Al an@4durfaces using
XeF, was investigated with atomic force microscopy. The chemicalaictien between
XeFR,and Al and AJO; surfaces was studied by in situ x-ray photoelectron spectrascopy
Fresh Al and AIO; surfaces were obtained by etching top silicon layers of SinAl
Si/Al, O3 with XeF,. The surface adhesion and chemical composition were measured as a
function of time after the exposure to air or annealing (at ®0@nder vauum). The
correlation between the adhesion force increase and presence; @nAlie surface was

revealed.
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Fluorine (F)-based chemistry is widely used to etch Si and atieerials in
microelectronics fabrications. The surfaces after going throhghR-based etching
chemistry are typically covered by a layer of fluorine-comtg species, e.g. it is well-
known that a fluorocarbon layer presents on the sidewalls of théus&dumaterials from
the Bosch process The studies of the F-chemistry etched surfaces are aff ignpact to
both microelectronics processing and device performance. iXel isotropic gas phase
etchant of Si. Because of its high etch rate and high salgcigainst many metals,
dielectrics, and polymers used in traditional integrated cifabrications, Xef-has been
a widely used to etch Silicon isotropically etchant in micrdedecechanical systems
(MEMS)! processing since 1995 XeR; is also used as a fluorination reagent in organic
chemistry, due to its mild reactivity and high selectiify

While XeR is a good etchant of silicAnAl and ALO; are among the materials
which are not etched by Xelnd therefore are commonly used as structural materials.
There are limited studies on the interaction between, X the structural materials
such as Al and ADs; after etching in spite of wide application of %e€&tching on
structural material$' ’. It is crucial to understand the influence of Xefiching on
chemical and mechanical properties of these structural matérials.

In the present study we investigate the reaction of Al aa@:Akith XeF,. We use
X-ray photoelectron spectroscopy (XPS) to study the surfacgespafter reaction, and
use atomic force microscopy (AFMJ'? to measure the surface adhesion between
fluorinated Al or AbO; surfaces and the AFM tips. The correlation between the surfac

adhesion forces and surface compositions is presented.



Al film was prepared by Ar sputtering of an Al source on auRistrate. AO; film
was prepared by Ar reactive ion sputtering of Al th The Al and AJOs films were both
about 300 A in thickness. After Al and J8; film deposition, a thin Si film (~ 500 A)
was sputter deposited in the same deposition chamber without breakungm so that
the Al and A}Os films were free of contamination in air. The surface roughiseabout
0.2 nm and 2 nm for the AD; and Al surfaces, based on AFM studies, respectively. The
Si-covered Al/AbOs film was then introduced in a Xgletch cell to remove the Si layer
and to become fluorinated. XgEtch was conducted in an etch chamber (~ 2 liter in
volume) with a base pressure of 2%I0orr. XeF; vapor was introduced into the chamber
through a canister that works as a buffer volume, to speed up gasBised on the
vapor pressure of XeK4 Torr) and the volumes of the canister and the etch chamber, the
initial pressure in the etch chamber was about 1-2 Torr. TAé &l Si/ALO; samples
were exposed to XeFor about 10 minutes and the top Si layer was completely removed,
as confirmed by XPS analysis. After etch the chamber waspgdiniirstly by a
diaphragm pump through a bypass and then by a turbo pump to reachusepesswy 5
x 107 Torr, the sample was then transferiedvacuo into a directly attached XPS
chamber in which XPS analysis was performed. A 600 W lamp wak taskeat the
sample with irradiation of light through windows.

XPS experiments were performed in an ultra high vacuum (UH\Whbbawith base
pressure of 2xIDTorr, equipped with a Perkin-Elmer PHI 5300 XPS spectrometer. The
Al-Ka (BE= 1486.6 eV) X-ray source of the XPS spectrometer was opera8sD av
with 15 kV acceleration voltage. Since all sample substrate dtadésemiconductors,

electron charge accumulates on the surface and causes the lenéigy to shift.



Therefore, we normally calibrate the binding energy by settiegmeasured binding
energy of C 1s to 285 eV. Alternatively, the O 1s main peak €%3was also used for
the reference peak of a sample where carbon is absent.

Commercial AFM (Molecular Imaging) was employed to meagweeadhesion force
of the surface and obtain a topographical image of the surfagie'fh A silicon nitride
tip with nominal spring constants of 0.27 N/m was used in our measutieritde AFM
image was obtained in contact mode and at low loads (< 5 nN). FeomRk image,
the typical roughness of the surface can be obtained. The ralda tps were 30-40 nm,
as measured by scanning electron microscopy. Measurements gnsaviace were
performed at least 6 times at different positions on the suria@ending on the nature
of tip-sample contact, the adhesion force can be greatly afféttefter the force-
distance measurement, we imaged the surface and did not observplastig
deformation on the surface, confirming that the tip-sample coistactthe elastic regime.
The adhesion force on a surface was averaged using all of the measuremeatter
the Si/Al sample was etched in the preparation chamber, XPSuresant was carried
out and then taken out of UHV chamber for the adhesion measurementsihBsea
measurements were carried out within 2 hours after the, X&fhing of samples.
Adhesion force was measured on an Al surface (with native oxide on top).

Figure 1 shows a typical adhesion force measurement on an Adesvwah native
oxide on top) and a fluorinated Al surface. As the tip retraatech fthe surface, the
attractive force between the surface and the tip (adhesiorg noubnger maintain the
contact at point A and the tip snapped out of contact with the suftadeThe force

between point A and B is therefore attributed to the adhesion beteesen the tip and



the surface'. Adhesion force between the silicon nitride tip and the fluorindted
surface was about 7 nN, higher than that of oxidized Al surfaca factor of two.
Likewise, adhesion force between thgNgitip and the fluorinated AD; surface was
about 6.5 nN, higher than that of,® surface that was exposed to air (3.5 nN).

XPS survey of the as-etched Al surface revealed a specteenofficarbon, as shown
in Figure 2. Al and F peaks were revealed on the surface as shdwgure 2. Cls and
Ols peaks (when carbon is absent on the surface) were usedbtatealne binding
energy. Using the XPS sensitivity factors of Al2p, F1s and Clisspaad the integrated
peak area, the relative surface composition was estimated tdFpeCA The Al2p
spectra are shown in figure 2(a). The peak at 72 eV (full witithad# maximum
(FWHM) 1.1 eV) can be assigned to metallic Al, and the peak aV7/FWHM 2 eV)
corresponds to fluorinated At® Figure 2(b) shows the Fls peak of the as-etched Al
surface at 686 €\?. O1s were used to calibrate the binding energy because carbon peak is
absent on the surface. Figure 2 also shows a comparison of Al2par@lBEls spectra
before and after air exposure. The F peaks undergo some chanfessbape, possibly
due to the adsorbate in air. There was no C at all right Aftevas etched, but C
accumulated on the surface after it is exposed to air. The peak at 285 eV is the
adventitious C from the ambient air. A new carbon peak ~ 290 eV @ppdach we
assign to C-F species, most likely due to C bonding to two F adbgncemparing the
previous report about GRspecies'’. Because it is not observed right after etch and
fluorocarbons do not commonly exist in ambient air, @€ak could be formed in air

between the C adsorbate with some reactive F species on the sample surface.



As-etched AlOx surface (as shown in Figure 3) has been chazadtevith XPS.
After the Si/AbO3; sample was etched by XgRhe surface exhibited a stoichiometry of
Al,03F44 Co. Figure 3a shows the XPS spectra of Al 2p peak eDAkurface after
fluorinated by Xek. It is obvious that there is shoulder on the Al 2p peak which is due to
F. Peak fitting reveals a peak at 77 eV which is the positigk 8p in AlF;. The main
peak at 75 eV is attributed to Al 2p in,®k. The O 1s peak in Figure 3d shows a small
high-binding energy peak at 537 eV after Xekch (red spectrum), which almost decays
to zero after one day air exposure (blue spectrum). The high-biediergy O 1s peak
could be due to the interaction of O with F.

Just like Al surface, the main peak of C adsorbate species (a&\J8nd another
small peak at ~ 290 eV (C-F species) are revealed after the air expoysome tlay. F 1s
shows a symmetric peak at 686.4 eV with a FWHM of 2.6 eV. Thisysolese to the F
1s peak of fluorinated Al surface (figure 3c). The adhesiorefoom Al surfacesvere
measured after air exposure as a function of the exposure tirheaf Ahe above
measurements are shown in Figure 4. As shown in Figure 4agdhiesion force of the
as-etched (2 hour) Al surface was 8 nN, and dropped to 5 nNoafeday. After two
days the adhesion force of the etched Al surface was the saimat a$ the Al surface.
The F concentration of the surface measured with XPS ishtsaon is the figure, from
which we can see the decay of fluorine concentration. Figuréalssthat annealing at
200 °C under vacuum significantly reduced the adhesion force. The fluorine
concentration also drops considerably. XPS analysis shows thatisharsignificant

amount of oxide formation after annealing in air.



We can also use AFM to obtain the topographical image of the suifaere is no
obvious change on the surface after fluorination. This indicateslthaugh Xek reacts
with the Al surface, the fluorination product (A)Fstays on the surface and does not
change the surface roughness (~ 0.2 nm).

The same adhesion force measurements are performed on theafkobribOs
surfaces, as shown in figure 4c and 4d. The adhesion force of ¢hehas- AJO3; surface
is about 6.5 nN and decayed over time while the fluorine concentration dieocay
over two days, suggesting no direct correlation between surface adlzes fluorine
concentration for fluorinated AD; surface. This can be associated with the evolution of
the reactive fluorine into chemically stable fluorine speciashsas Ckthat appeared
afterone day of etching. Annealing in air, however, caused a signifieghiction of
surface adhesion, together with a loss of F and accumulation ol © aas shown in
figure 4d. Therefore, the high surface adhesion after,Xa€hing can be directly
attributed to the Alglayer formed on both of Al and AD; surfaces.

In conclusion, the surface chemical compositions and adhesion forties Alf and
Al,O3 surface fluorinated by Xefare studied by XPS and AFM, respectively. The high
surface adhesion is positively correlated to the presence oédbeve F on the surfaces.
We found that the surface adhesion decreases upon exposure to amting las
fluorocarbons replace the reactive F. Combining XPS and AFM allows wsderstand
the correlation between the surface chemical compositions and adfuesesthat is of

important impact to design and processing of nanoscale building blocking.
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Figure Captions

Figure 1. (Color online) Approach and retraction curves of adhesion forceureraent

on an Al surface and a fluorinated Al surface.

Figure 2. (Color online) XPS spectra of Al surface after Xekh (red) and one day air

exposure (blue). (a) Al 2p, (b) C 1s, and (c) F 1s.

Figure 3. (Color online) XPS spectra of AjlGurface after Xefetch (red) and one day

air exposure (blue). (a) Al 2p, (b) C 1s, (¢) F 1s, and (d) O1s.

Figure 4. (Color online) The plot of adhesion force (measured by AFM) andatteeof
F to Al (measured by XPS) as a function of time (a) on etchedidaces (b)
on the etched and annealed Al surface. The plot of adhesion force and the
ratio of F to Al (measured by XPS) (c) on etched®lsurfaces and (d) on

the etched and annealed Al surface as a function of time.

[Delete Fig 4a and 4c]
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